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I .  General statement w i t h  reqard t o  the  r e l a t i o n s h i p  between 
s tud ies  on the morphoqenesis o f  b a c t e r i a l  spores and 
space science. 
The change from a b a c t e r i a l  vegeta t ive  c e l l  possessing the  
usual  a t t r i b u t e s  o f  l i v i n g  systems w i t h  regard t o  s e n s i t i v i t i e s  t o  
var ious  phys ica l  and chemical agents t o  a b a c t e r i a l  spore having 
unusual r e s i s t a n t  p roper t i es  i s  a unique t rans format ion  i n  b i o l o g i c a l  
m a t e r i a l .  Such a change, subject  t o  v igorous c o n t r o l  and q u a n t i t a t i o n ,  
represents a model system f o r  s tudy ing  morphogenesis o r  d i f f e r e n t i a t i o n  
a t  a very  bas ic  l e v e l .  These h igh l y  r e s i s t a n t  spore s t r u c t u r e s  
represent ing  the  h ighes t  degree o f  res is tance among t e r r e s t r i a l  l i v i n g  
th ings  have o f t e n  been speculated upon as poss ib le  l i k e l y  candidates 
as e a r t h  representa t ives  of e x t r a t e r r e s t r i a l  l & f e .  Present o r i g i n  
o f  l i f e  theor ies  consider the p o s s i b i l i t y  t h a t  l i v i n g  substances 
may have been c a r r i e d  t o  e a r t h  on e x t r a t e r r e s t r i a l  bodies. Whenever 
t h i s  p o s s i b i l i t y  i s  considered, b a c t e r i a l  spores a r e  o i t e d  as the 
l i v i n g  form which may be ab le  t o  w i ths tand the var ious extreme 
environmental cond i t ions  t o  which such a body would be exposed. 
Also,  i n  plans t o  exp lo re  l i f e  i n  ou ter  space, much cons idera t ion  
i s  g iven t o  spore ces is tance i n  the necessary s t e r i l i z a t i o n  o f  
i n t e r p l a n e t a r y  veh ic  es and i n  the p o s s i b i l i t y  t h a t  one o f  t he  l i k e l y  
forms which might be discovered would be b a c t e r i a l  spo re - l i ke  l i f e .  
Therefore,  s tud  
have some bear ing on 
es on the morphogenesis o f  b a c t e r i a l  spores 
exobiology or space b io logy .  
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I V .  Resumg of the research done on the  p r o j e c t .  
E a r l i e r  repor ts  i nd i ca ted  the  areas o f  study and the  var ious  
approaches t h a t  have been used i n  an at tempt t o  understand the  
re la t i \ o&h ips  between t race  elements and the  fo rmat ion  o f  spores 
and t h e i r  subsequent dormancy and germinat ion.  The areas s tud ied  
may be regulated t o  the  f o l l o w i n g  categor ies:  a) the manganese 
s p o r u l a t i o n  requirement, b) t race  elements and germinat ion i n  a 
h i g h l y  p u r i f i e d  system, c) comparison o f  the germinat ion o f  
asynchronously grown w i t h  synchronously grown spores and d) 
temperature induced spo ru la t i on  mutants. 
The rnanganese s p o r u l a t i o n  requirement (Gru f t ,  H , ,  Buckman, J . j  
and Slepecky, R.A., Bact. Proc. 1965:37 (an abs t rac t )  ) has been 
covered i n  the  1 June 1965 and 30 January 1967 repor t s .  
be s ta ted  t h a t  a sporeformer needs r r e q m g  a proper concent ra t ion  
before growth ceases i n  order  t o  sporu late.  There appears t o  be 
th ree  l e v e l s  of  manganese requ i red  f o r  the morphogenesis: one 
f o r  growth; one f o r  forespore format ion;  and one f o r  spore format ion.  
The t h i r d  l eve l  can be replaced by amino ac ids suggest ing t h a t  i t  i s  
requ i red  'For a protease. Our evidence t o  date f o r  the  a c t i v a t i o n  o f  
a protease has been l a r g e l y  c i r cums tan t ia l  based on s tud ies  w i t h  
crude e x t r a c t s  and our at tempts t o  i s o l a t e  a s p e c i f i c  protease have 
been unsuccessful t o  date. The c u r r e n t  hypothesis f o r  the  need f o r  
t he  manganese a t  o ther  times a lso  revolves around the  a c t i v a t i o n  o f  
p a r t i c u l a r  enzymes. These previous s tud ies  were concerned wifjh var ious  
a d d i t i o n s  o f  manganese t o  manganese d e f i c i e n t  c e l l s  a t  var ious  times 
of  the growth cyc le .  A t  present, we a r e  t r y i n g  t o  c o r r e l a t e  these 
r e s u l t s  w i t h  data obta ined by measuring the  manganese l e v e l s  o f  the  
var ious  c e l l  stages us ing  atomic absorp t ion  spectrophotometry (AAS).  
I t  can 
4 
Concurrent ly,  o the r  s tud ies  i n  our l a b  a r e  concerned w i t h  the  p a t t e r n  
o f  fo rmat ion  o f  var ious  enzymes, many o f  which a r e  suspected t o  be 
manganese ac t i va ted ,  d u r i n g  t h e  cyc le .  The previous s tud ies  on t h e  
Mn requirement, based on the add i t i ons  o f  Mn t o  Mn d e f i c i e n t  c e l l s  
a t  var ious  times o f  the  growth cyc le ,  a r e  being extended by measuring 
t h e  Mn leve ls  of  t he  var ious c e l l  stages. We hope t o  compare Mn 
uptake pa t te rns  w i t h  known enzymatic pa t te rns  es tab l i shed  w i t h  ou t  
synchronous system. We a r e  c u r r e n t l y  measuring the  Mn l e v e l s  us ing  
the  atomic absorpt ion spectrophotometer (AAS) and we have extended 
t h i s  approach t o  o ther  metals as w e l l .  
i n  a n t i c i p a t i o n  o f  experiments on the  germinat ion o f  Mn-low 
spores and on the  l o c a t i o n  and f a t e  o f  t he  important metals o f  
spores, we have developed a s imple reproduc ib le  AAS method f o r  
spore metal ana lys is .  P a r a l l e l  assays by means o f  t he  AAS were 
done us ing  spores o f  E. meqaterium t r e a t e d  by: 
b) d ry  ashing a t  550C, c) a c i d  t reatment,  and d) no treatment. 
Comparison of the  r e s u l t s  i nd i ca te  a h i g h  degree o f  c o r r e l a t i o n  
and r e p r o d u c i b i l i t y  w i t h  Mg, Mn and Zn. Resul ts w i t h  Ca ( w i t h  and 
w i t h o u t  lanthanum treatment) and Fe have been inconc lus ive  and we 
a r e  at tempt ing t o  reso lve  the  assays o f  these metals. Typ ica l  
r e s u l t s  a re  shown i n  the  f o l l o w i n g  Table: 
a) a c i d  d iges t i on ,  
Table 1. Assay o f  metkds i n  E. meqaterium spores a f t e r  
var ious treatments. 
Treatment 
d ry4  
ashed 3 meta 1 un t rea ted  t rea ted  d i ges ted  
a c i d  a c i d  1 
Mg 1.60 1.93 2 .oo 2.10 
Mn 3.04 3.18 3 -43 3.36 
Z n  0.20 0.23 0.26 0.24 
Ca 5 
+ta 7.10 7.10 3.02 --- 
-La 4.65 5 -76  5 - 3 7  
6 
--- 
1.30 2.19 2.84 2.46 Fe 
Whole spore suspension i n  d i s t i l l e d  deionized water. 
1 
'Spores + H C l  t o  pH 1 .  
3Digested w i t h  HNO & H2S04. 
4 5 O C  for  3 h r .  
5 fanthanum i s  added t o  suppress PO4 i n te r fe rence .  
6 
3 
E l u t i o n  s tud ies  i n d i c a t e  tha t  Fe i s  n o t  a l l  re leased by a c i d i f i c a t i o n  
t o  pH 1 .  F igures i n  t a b l e  r e f e r  t o  p p ~ .  
5 
I t  appears t h a t  Ca and Fe can not be determined d i r e c t l y  but t h a t  
p r i o r  t reatment i s  requi red.  Iral subsequent s tud ies  we used a c i d  
t rea ted  spores. 
The p re l im ina ry  r e s u l t s  w i t h  the  use o f  the AAS t o  examine 
spore metal content  show much promise. By us ing  a s u i t a b l e  suspension 
o f  c lean spores i n  t h e  proper l i q u i d  phase, we have been ab le  t o  analyze 
d i r e c t l y  the ,content  of such b i o l o g i c a l l y  important metals as Na, K ,  
Ca, Mg, Mn, Zn and Fe i n  the 0.1 t o  10 PPM range. Subsequently, w i t h  
t h i s  type approach we may be able t o  assess the  importance o f  these 
metals i n  ma in ta in ing  the  h igh  dormancy found i n  b a c t e r i a l  spores. 
The fo l l ow ing  t a b l e  g ives the metal content  o f  d i f f e r e n t  batches o f  
B . meqater i um spores : - 
3; 
Table I I .  Metal  content  o f  E. meqaterium spores. 
Na, K Mn Zn Fe 
-- -- 0.42 0.72 0.03 0.51 1.19 
-- -- 0.30 0.48 0.03 0.43 1 .05 
-- -- 0.53 0.65 0.15 0.92 1.70 
0-57  0.81 0.31 0.56 0.24 0.57 1.15 
0.64 0.58 0.33 0.66 0.14 0.54 1 .og 
-- -- 0.28 0.34 0.22 0.94 0-93 
0.57 0.78 0.31 0.54 0.19 0.56 1.14 
-1. ,. 
Acid t rea ted  w i t h  H C l  t o  pH 1 .  F igures a r e  per cent of d ry  weight. 
Each l i n e  o f  f igures  i n  the t a b l e  represents a d i f f e r e n t  
batch o f  spores. 
Ana lys is  done i n  the presence o f  lanthanum. 
.LL ,, ,. 
As can be seen from Table I I  f a i r l y  good agreement o f  the  metal 
content  o f  var ious  batches o f  spores has been obtained. Even though 
prev ious r e s u l t s  i nd i ca ted  d i f f i c u l t i e s  w i t h  Ca and Fe w i t h  regard 
t o  d i f f e r e n t  amounts o f  h e t a l  being analyzed by t h e  var ious t reatments,  
approx imate ly  the  same amount o f  each metal i s  being analyzed by one 
p a r t i c u l a r  t reatment from each batch o f  spores. 
A se r ies  o f  p re l im ina ry  experiments were c a r r i e d  on w i t h  the  aim 
of determin ing the  r e l a t i v e  b ind ing  of t he  metals i n  the spore. 
E s s e n t i a l l y  these experiments consis ted o f  examining spore supernatants 
6 
a f t e r  each stage treatment dur ing  a sequence o f  treatments o f  t he  
spores: suspension i n  deionized water f o r  10 days; 0.02M EDTA, 
pH 5.2 f o r  2 h rs ;  a c i d i f i c a t i o n  t o  pH 2.5 f o r  2 h rs ;  a c i d i f i c a t i o n  t o  
pH 1.75 f o r  2 h rs ;  a c i d i f i c a t i o n  t o  pH 1.30 f o r  2 hrs. Fo l low ing  
these treatments the  spores were examined f o r  res idua l  metal .  
From t h i s  type of experiment the f o l l o w i n g  t e n t a t i v e  conclusions 
can be made w i t h  regard t o  t h e  r e l a t i v e  b ind ing  o f  metals insgpbres: 
Calc ium-- is e i t h e r  t i g h t l y  bound or  i n  an inaccess ib le  reg ion  o f  
t he  spore. Only 6% i s  e l u t e d  dur ing s torage in  d i s t i l l e d  water, 
and EDTA (known t o  be an e f f e c t i v e  che la to r  o f  Ca) removes on ly  12% 
of t he  t o t a l  calc ium. Most of  the  spore Ca (70%) i s  removed by 
a c i d i f i c a t i o n  t o  pH 1.30, wh i l e  1 1 %  remains bound t o  the  res idua l  
spore ma te r ia l .  
7 Iron--appears t o  e x i s t  i n  a t  leas t  two d i s t i n c t  regions (or forms) 
w i t h i n  the  spore. EDTA removes 37% o f  the  t o t a l  i ron,  wh i l e  
a c i d i e i c a t i o n  fo l l ow ing  the EDTA t reatment replaces on ly  small 
amounts of t h i s  metal. However, the res idua l  spore ma te r ia l  s t i l l  
con ta ins  40% o f  the  t o t a l  Fe. 
Potassium--69% o f  the  K was removed from the  spores by s imple e l u t i o n  
f o r  10 days i n  de ion ized water. Cons is ten t l y  smal ler  amounts o f  the  
metal  were removed du r ing  each suceeding step. Potassium i s  probably  
bound l a r g e l y  t o  the  sur face  o f  the spores; t h i s  i s  a na tu ra l  r e s u l t  
o f  the  grea t  excess o f  K ions i n  the  growth medium (1500 ppm). 
Magnesium--is ra the r  e a s i l y  removed from the  spore s l r u c t u r e .  
Dur ing  the  10 day e l u t i o n  per iod  i n  water,  the spores lose 32% o f  
t h e i r  Mg, and an a d d i t i o n a l  37% i s  removed b EDTA. A f t e r  a a i d i f i c a t i o n ,  
o n l y  1.9% o f  the  Mg remains i n  the  spore red dual ma te r ia l .  Al though 
Mg i s  an essen t ia l  c a t i o n  f o r  normal metabol sm, i t  appears t o  be much 
more loose ly  bound than ca lc ium i n  the  spore Th is  may i n d i c a t e  a 
replacement ( i .e .  "antagonism") o f  Mg by Ca ons. The Mg/Ca r a t i o  o f  
these spores i s  0.272. 
Manqanese--is found unevenly d i s t r i b u t e d  throughout a l l  the e l u t i o n  
f r a c t i o n s ,  i n d i c a t i n g  severa l  ro les  o r  l oca t i ons  o f  Mn w i t h i n  the  
spore. Eleven percent  i s  e lu ted  i n  water,  26% chelated by EDTA, 
54% removed by a c i d i f i c a t i o n ,  and 9% remains i n  the  res idua l  spore 
mater ia  1. 
- Zinc- - i s  e i t h e r  loose ly  bound or located near the  sur face o f  the  spore. 
Almost 90% o f  the t o t a l  z inc  i s  removed by a combination o f  water 
e l u t i o n  and EDTA treatment.  This loose assoc ia t i on  i s  no t  due t o  
t h e  same mass b ind ing  e f fec t  as was noted w i t h  K ,  f o r  the growth 
medium conta ins o n l y  4 ppm Zn. Some z i n c  (4%) i s  found i n  the 
r e s i d u a l  ma te r ia l  a f t e r  a c i d i f i c a t i o n .  
From the  data presented, i t  appears t h a t  each o f  the metals 
analysed has a c h a r a c t e r i s t i c  p a t t e r n  o f  e l u t i o n  from the i n t a c t  
spore. Based upon t h e i r  ease o f  removal f rom E. meqaterium spores 
and t h e i r  d i s t r i b u t i o n  i n  the  e lu ted  f r a c t i o n s ,  these e i g h t  metals 
can be grouped i n  the f o l l o w i n g  c l a s s i f i c a t i o n :  
A. Loosely bound, e l u t e d  from spores du r ing  s torage i n  
d i s t i l l e d  water (K, Na, Zn and perhaps Mg). 
B. Removed by a che la to r  o f  d i v a l e n t  ca t ions ,  EDTA 
(Fe, Zn, and Mg). 
C. Replaced by moderate a c i d i f i c a t i o n  (range o f  pH 
2.5 t o  1.3) (Ca and Mn). 
D. T i g h t l y  bound, found i n  t h e  res idua l  spore ma te r ia l  
a f t e r  a d i d i f i c a t i o n  (Fe and Ca). 
E. D i s t r i b u t e d  i n  severa l  f r a c t i o n s ,  poss ib l y  i n d i c a t i n g  
m u l t i p l e  loca t ions  o r  ro les  i n  the  spore (Mg and Mn). 
Wi th  regard t o  the  phase concerned w i t h  t r a c e  elements and 
germinat ion,  i t  appears t h a t  molar i o n i c  e f f e c t s ,  i n  e i t h e r  a 
potassium phosphate bu f fe red  system o r  a sodium chhor ide unbuf fered 
system, supplemented w i t h  the  phys io log i ca l  germinants, L -a lan ine  
and inos ine,  were s o l e l y  caused by potassium o r  sodium, and t h a t  
any edtraneous heavy metal o r  a l k a l i n e  e a r t h  metal contaminat ion 
d i sp layed  e i t h e r  i n e r t  o r  i n h i b i t o r y  a c t i v i t y  i n  the germinat ion 
process. The v a l i d i t y  o f  the  p u r i f i c a t i o n  procedures was conf i rmed 
by atomic absorp t ion  spectrophotometry. 
r e s u l t s  f u r t h e r  s ince  such a f i n d i n g  strengthens the  i o n i c  
germinat ion ideas o f  Rode and Foster (Arch. M i k r o b i o l .  u : 2 0 1  (1962) 
and Nature = : l3OO (1962) ) and may s i m p l i f y  f u r t h e r  s tud ies  o f  
i o n  involvement. For example, we can ask the  quest ion,  w i thout  
be ing  concerned w i t h  other  ions, whether the  sodium and potassium 
a r e  a c t i n g  a t  the  sur face  or  i n t e r n a l l y .  
We a re  checking these 
Our recent  s tud ies  have shown t h a t  spores formed i n  a synchronous 
growth system e x h i b i t e d  a fas te r  r a t e  o f  germinat ion than those grown 
i n  an asynchronous system. We have examined t h i s  phenomenon f u r t h e r  
by comparing the  germinat ion of bo th  types o f  spores a t  var ious  times 
a f t e r  format ion.  Asynchronous spores d i d  no t  e x h i b i t  la rge  
d i f f e rences  i n  germinat ive a b i l i t y ,  and the  v a r i a t i o n s  were no t  cons is ten t .  
From t h i s ,  i t  was concluded tha t  t he  e f f e c t  o f  age on germinat ive 
a b i l i t y  cou ld  no t  be observed c l e a r l y  us ing  the  asynchronous system. 
The most probable reason f o r  the smal l  and incons is ten t  v a r i a t i o n  
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was the  heterogenei ty  o f  ages i n  any sample from an asynchronous system. 
On the  other  hand, t h e  r e s u l t s  o f  the experiments us ing synchronous 
systems appeared t o  be i n t r i n s i c a l l y  s i m i l a r ,  i f  not  p a r a l l e l .  Synchronously 
formed sporangia germinated most r a p i d l y  and most completely.  As the 
sporangia became o l d e r  and f ree spores began t o  be released, germinat ive 
a b i l i t y  decreased. 
f o r  they may lead to .more knowledge on dormancy and t h e  breaking o f  
t h a t  unusual .state.  
These studies a r e  p r e l i m i n a r y  but  a r e  being cont inued 
L a s t l y ,  we have been concerned w i t h  temperature induced s p o r u l a t i o n  
mutants i n  B a c i l l u s  s u b t i l i s .  Th is  work was r e l a t e d  i n  the 1 January 
1966 r e p o r t  and an a b s t r a c t  and a paper has been publ ished (Northrop, 
J . ,  and Slepecky, L A . ,  Bact. Proc. 1966 and Science m : 8 3 8  (1967) ) .  
As ind ica ted  i n  the  previous repor t  these s tud ies  may support  the  
hypothesis of cytoplasmic genet ic  determinants (plasmids or  episomes) 
f o r  s p o r u l a t i o n  p r e v i o u s l y  presented from t h i s  labora tory  (Robolsky, 
M . ,  and Slepecky, R.A., BBRC *:204-208 (1964) ) and they may be 
germane t o  the  problem o f  dormancy and the  e l i m i n a t i o n  o f  spores by 
h i g h  temperatures, a problem o f  much concern t o  NASA i n  i t s  p lanetary  
quarant ine program. 
V. Comments 06 P r i n c i p a l  Inves t iqa tor .  
Syracuse U n i v e r s i t y ,  as other p r i v a t e l y  endowed i n s t i t u t i o n s ,  
can prov ide  o n l y  l i m i t e d  support o f  an a c t i v e  research program. 
The funds from t h i s  g ran t  have been extremely important i n  the  
execut ion o f  the  p r o j e c t  as o u t l i n e d  i n  t h e  var ious repor ts  and 
renewal requests as we l l  as a i d i n g  i n  the  o v e r a l l  labora tory  a i m  
o f  e l u c i d a t i n g  t h e  morphogenesis o f  spores. 
The funds o f  t h i s  grant  have supported i n t e r e s t e d  graduate and 
undergraduate students and have helped the  p r i n c i p a l  i n v e s t i g a t o r  
i n  d i r e c t i n g  students towards careers i n  experimental b i o l o g y  i n  
var ious f i e l d s .  As an example, one student became extremely in te res ted  
i n  the  b i o l o g i c a l  aspect o f  NASA's Space B io logy  Program a f t e r  
reading many o f  the repor ts  c i r c u l a t e d  t o  t h i s  grantee. The main 
r e s u l t  o f  h i s  i n t e r e s t  was h i s  seeking a permanent p o s i t i o n  i n  Space 
b i o l o g y  a f t e r  graduat ion.  He i s  now employed w i t h  General E a e c t r i c  
Co. (See Sect. I I )  and i s  a c t i v e l y  engaged i n  t h e i r  space program. 
Cur ren t ly  he i s  inablved i n  the b io logy  s a t e l l i t e  program as w e l l  
as coauthor ing a handbook f o r  engineers on NASA p lanetary  s t e r i l i z a t i o n  
procedures. 
The p r i n c i p a l  i n v e s t i g a t o r  i s  g r a t e f u l  t o  NASA f o r  the a i d  
i n  c a r r y i n g  out h i s  research program. 
